hormonal (4, 6, 16, 20, 24) 
It is well known that as many as half or more of the reproductive structures borne by a soybean plant may be shed without contributing to seed yield. Parts that may be shed include flower buds (17) , unfertilized flowers (1, 17) , fertilized flowers with undeveloped embryos (1, 17) , and pods at various stages of development (14, 17, 21, 22) . Shedding is increased by environmental stress (18, 21) , but it also occurs naturally (15) without conditions of excessive stress.
The studies reported here were concerned with flower shedding, which we define as separation ofan incompletely developed ovary during the first week after anthesis before the ovary extends more than a few mm beyond the calyx. The process has also been called flower abortion or abscission. It involves flowers with embryos that are mostly fertilized but stop developing after reaching 4 to 100 cells (1, 10, 17) . Anatomical (1, 10, 17) , nutritional (3, 8, 14, 22, 23) , environmental (14, 18, 21) hormonal (4, 6, 16, 20, 24) factors that may be causally involved have all received some study. Nevertheless, biochemical and physiological changes in setting and abscising ovaries in this period remain largely unknown.
Some studies have indicated that the processes that ultimately lead to flower shedding may commence as early as the day of anthesis of the shed flower (8, 16) . If this is true, then events in the developing ovary during the period from a few d before to a few d after anthesis are especially significant in studies of cause and effect relationships. The objective of the present research was to provide biochemical data helping to identify: (a) the time at which flower shedding starts and (b) metabolites particularly affected during early stages of abscission. To meet these objectives, biochemical changes in setting and abscising ovaries were determined for the period from anthesis to 6 DAA.3 A soybean line having extremely long racemes to facilitate experimental manipulation was obtained, sampling techniques attempting to provide ovary tissues having desired probability of pod set were established, and these samples were compared for weight, protein, carbohydrate, and nucleic acid characteristics. (8, 16, 23) , that removal of proximal flowers enhances pod set in distal flowers (16, 23) , and that all flowers on the raceme, including those at the terminus, are potentially able to set seeds and develop fruits.
MATERIALS AND METHODS

Plant
Most plants used in this work were grown in the greenhouse in hydroponics culture. The culture system (modified from Guminska [13] 15 , where the racemes were up to 220 mm long and bore 10 to 47 flowers each. Pod set was high for the four lowermost flowers on the raceme, declined progressively for more distally located flowers, and was 0% for all flowers distal to the 12th flower, except when the lower flowers were excised in bud stage. In comparison to nodes 1I1 through 15, percent set and number of flowers per raceme were lower at nodes higher on the plant.
For sampling convenience, axillary branches were removed prior to flowering, and each fruiting node on the main stem was limited to one raceme by removing secondary racemes developing at either side of the main raceme. On the d of anthesis, prior to opening of the petals, sample flowers were marked with ink, and the date of anthesis of each was recorded on a tag attached at the node. This marking and tagging procedure assured that all harvested ovaries for a particular sample were of a similar age. The flowers were harvested between 0800 and 0900 h.
Since removal of a flower during sampling makes it impossible to determine whether that particular ovary would really have developed into a pod if it had been left on the raceme, the sampling procedures must maximize probability for pod set or abscission, whichever is the desired case for a given sample. Two procedures were used to meet this need (Fig. 1) . In sampling procedure I, ovaries from the 5th and 6th positions on the raceme were compared. Ovaries sample in this procedure, had high probability for setting pods due to removal in bud stage of the four flowers lower in insertion on the raceme. Class I-A was the 'abscising' sample for this procedure, and these ovaries were more likely to be shed because the lower four flowers were left to set fruit. Advantages of this procedure are that setting and abscising samples are inserted at the same point on the raceme and can be collected on the same d for a particular physiological age. A disadvantage is that actual percent abscission for the abscising sample is likely to be <100 since at least a few pods usually are set at these insertion points on the raceme.
In procedure II ( Fig. 1 ), the setting sample was obtained from the two lowermost positions on the raceme, which naturally have high probability of setting fuits, and the abscising sample from the two terminal flowers (high probability ofbeing shed Relationships between chemical content and flower shedding were evaluated by comparing mean values for setting and abscising samples by LSD across and within ages and by computing simple correlations between chemical values and percent seedbearing pods for each sampling procedure. Age at which setting and abscising ovaries first differed for any measured characteristic was estimated in two ways: (a) the earliest age at which a clear difference was indicated by statistical significance at the 0.05 level of probability and (b) the age at which the two types of ovaries appeared to start to differ as indicated by computing linear regressions fitting data from anthesis to 6 DAA for each sampling procedure. These linear regressions were computed using transformed data:ln Y= a + bX, where Y = measured characteristic, a = intercept, b = slope,and X = age. Points of intersection of any two regression lines were calculated by equating Y and solving for X algebraically.
RESULTS
Comparison of Setting and Abscising Ovaries by Two Procedures. For the desired comparisons, the setting samples should have nearly 100% pod set and the abscising samples nearly 0%. The results showed that the two procedures differed in their ability to provide these desired levels of set (Table I) . A further difficulty was the presence of slowly growing seedless pods, called 'unfilled pods' by Hicks and Pendleton (15) , that have been observed in other abortion studies (16) and were particularly prevalent in the abscising samples of procedure I and setting samples of procedure II. Where data for the two procedures were combined into a single comparison, abscission in setting and abscising samples was estimated to be 12 and 83%, respectively, with unfilled pods contributing especially to the setting samples.
Mean ovary weight for the 7 d sampling period was significantly lower for abscising than for setting ovaries in both sampling procedures (Table I) . Per-ovary weights of protein, carbohydrate, and nucleic acid also were significantly lower in abscising ovaries, particularly for the samples of procedure II, where the level of abscission was 100% in the abscising sample. Correlations between pod set and ovary weight or chemical content per ovary were significant and positive for samples obtained late in the sampling period.
For mean chemical content expressed on concentration basis, no significant difference between abscising and setting samples was observed except for starch and DNA (Table I) . Abscising samples had lower starch and higher DNA concentrations than setting samples for procedure II, but this difference was not seen in procedure I. Protein and RNA concentrations were negatively correlated to pod set early in the sampling period. For the 5th and 6th DAA, starch concentration was positively correlated to pod set, whereas RNA and DNA concentrations were negatively correlated to set.
Ovary Growth between Anthesis and the 6th Day. Over the 7 d period, setting ovaries were growing rapidly, whereas abscising ovaries were growing slowly ( Fig. 2A) . Setting samples from procedure I grew more rapidly than setting samples from procedure II, probably due in part to the relatively high proportion of slowly growing unfilled pods in the latter (Table I) . Abscising samples from procedure II, which had 100% aborted flowers, continued to grow until the 5th DAA (Fig. 2A) . Earliest dates at which weight differences between setting and abscising ovary samples were statistically significant were 2 DAA for procedure I and 4 DAA for procedure II. Because there was a daily increase in ovary weight, all chemical characteristics showed daily increases when expressed on perovary basis, with the increases being smaller in abscising than in setting ovaries (starch data shown in Fig. 2B as an example) . At 5 and 6 DAA, setting samples were significantly higher in chemical content than abscising samples for almost all measured characteristics and both sampling procedures (data not shown). The only exceptions were soluble carbohydrate and RNA, where the difference was detected only by procedure II. The earliest date at which differences between setting and abscising ovaries were statistically significant was 3 DAA for insoluble protein in procedure I, and 2 DAA for starch and RNA contents per ovary.
Expressed on concentration basis, all of the characteristics declined with age. However, setting and abscising ovaries did not differ significantly except for starch (Fig. 2C) and DNA. Starch concentration declined more slowly in setting samples, but the trend was reversed in both types at 5 DAA. Starch was still present at 6 DAA in abscising as well as in setting samples. DNA concentration declined with age in all samples except abscising samples from procedure II (data not shown).
Further characterization of daily changes in weight and chem- 6 DAA. There were 1120 observations for fresh weight, 70 for proteins, and 42 for carbohydrates and nucleic acids for each data point in a procedure. See Figure 1 and "Materials and Methods" for sampling procedures. Correlation with percent seed-bearing pods for ages 0 and I DAA = ro1; correlation for 5th and 6th d after anthesis = r5 6. ical content by regression analysis (R2 = 0.71-0.97 for ln fresh weight = a + bX for the data of Fig. 2A ) gave growth rate comparisons from the ratio of slope for setting ovaries to slope for abscising ovaries and from the point at which setting ovaries started to diverge from abscising ovaries as estimated by calculating points of intersection for regression lines. Data from the two sampling procedures were combined for these comparisons, since neither procedure alone gave the 'perfect' comparison of 100% setting versus 100% aborting ovaries. The daily increase in logarithm (ln) of fresh weight per ovary for setting samples was 1.3 times greater than that of abscising samples (Table II) . Slope ratios for protein and nucleic acid content per ovary were about the same as that for fresh weight. Starch and soluble carbohydrate, on the other hand, had higher ratios, suggesting that daily increases in these constituents in abscising ovaries were considerably lower than expected on the basis of daily growth in weight. Slope values for chemical content measured on concentration basis did not differ significantly except for starch and DNA. Point ofintersection ofthe regression lines for fresh weight and the other characteristics, regardless of basis of measure, was about I DAA (Table II; Fig. 2D ).
DISCUSSION By 5 or 6 DAA, the soybean ovary has either elongated so that it is visible beyond the calyx, or the entire flower falls from the raceme. The vernacular name for the collection of processes that lead to this shedding of flowers is 'flower abortion' (9) . It is known that most of the fallen flowers are fertilized (1, 17), but reasons for failure of ovary growth and retention remain unknown. The first objective of our work was to estimate the time at which ovary abscission processes begin in order that this date can assist in determining cause and effect relationships.
Two sampling procedures were used for comparing setting and abscising ovaries to estimate age at which the two ovary classes differed. This was deemed necessary because conditions of 100% or 0% set are not very likely for any position on a raceme, and because actual percent set cannot be determined for a sample for some time after anthesis. The sampling systems relied on probability of pod set based on location on the raceme and presence or absence ofdeveloping pods at lower insertions. Growth curves so obtained were biased downward for the setting samples because of the presence of a few abscising ovaries, and curves for abscising samples were biased upwards by the few setting ovaries included in the samples. Unfilled pods were a further complication, since they were not shed but they grew slowly compared to filled pods.
In spite ofthe sampling difficulties, the data showed that flower abortion processes start early, but growth continues at a reduced rate in the abscising ovary up to the 5th DAA. On the other hand, the competition for nutrients proposed in the nutritional hypothesis probably would be accompanied by depletion of stored reserves such as starch and protein in those ovaries starving due to limited photosynthate supply, i.e. in the aborting ovaries. Failure of aborting ovaries to maintain the increase in growth rate experienced by setting ovaries of this genotype appeared to begin at or shortly after anthesis. Nevertheless, ovaries destined to abscise apparently obtained organic nutrient from some source, because they continued to grow slowly almost until the time of being shed. Depletion of protein content, as might be expected in starvation, was not shown by reduced concentration in the aborting ovaries. In fact, protein and nucleic acid concentrations were negatively rather than positively correlated to percent set at anthesis and 1 DAA. Starch concentration was positively correlated to percent set at 5 and 6 DAA when abscission processes were far advanced, but in early stages of abortion, starch concentrations declined in setting and abscising ovaries alike. Moreover, starch level was never completely depleted in aborting ovaries. We intepret these observations to mean that either reduced organic nutrition was not the factor that caused growth rate to start to decline and abscission processes to be set in motion, or else starch and/or protein are unavailable or for some reason not utilized for reserve energy in aborting ovaries.
Whatever is the cause, abortion appears to be an event occurring at or shortly after anthesis that slows ovary and ovule growth. How to identify the event and the cause ofgrowth rate reduction, whether nutritional or hormonal, remains a problem for future research. Of the characteristics measured in this work, starch concentration appears the most interesting because of its positive correlation to pod set. Location of the starch that we measured is unknown and should be studied. Starch is known to be present in the ovule prior to fertilization ( 12, 19) , but it disappears from the embryo during early stages of development (10, 12) . Ovary cells contain starch that is visible in anatomical studies (10) . Presumably the starch still present in abscising ovaries at 6 DAA is located in the ovarian tissues rather than in aborting ovules, but further study is needed to clarify this point. Starch metabolism and contribution to sink strength are other questions deserving further study in setting and abscising ovaries and ovules.
